Detection and Confirmation of Quantitative Trait Loci for Soybean Seed Isoflavones by Smallwood, Christopher J. et al.
University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln
Agronomy & Horticulture -- Faculty Publications Agronomy and Horticulture Department
2014
Detection and Confirmation of Quantitative Trait
Loci for Soybean Seed Isoflavones
Christopher J. Smallwood
University of Tennessee
Catherine N. Nyinyi
Monsanto, Harrisburg, SD
Dean A. Kopsell
University of Tennessee, dkopsell@utk.edu
Carl E. Sams
University of Tennessee, carlsams@tennessee.edu
Dennis R. West
University of Tennessee
See next page for additional authors
Follow this and additional works at: https://digitalcommons.unl.edu/agronomyfacpub
Part of the Agricultural Science Commons, Agriculture Commons, Agronomy and Crop
Sciences Commons, Botany Commons, Horticulture Commons, Other Plant Sciences Commons,
and the Plant Biology Commons
This Article is brought to you for free and open access by the Agronomy and Horticulture Department at DigitalCommons@University of Nebraska -
Lincoln. It has been accepted for inclusion in Agronomy & Horticulture -- Faculty Publications by an authorized administrator of
DigitalCommons@University of Nebraska - Lincoln.
Smallwood, Christopher J.; Nyinyi, Catherine N.; Kopsell, Dean A.; Sams, Carl E.; West, Dennis R.; Chen, Pengyin; Kantartzi, Stella
K.; Cregan, P. B.; Hyten, D. L.; and Pantalone, Vincent R., "Detection and Confirmation of Quantitative Trait Loci for Soybean Seed
Isoflavones" (2014). Agronomy & Horticulture -- Faculty Publications. 811.
https://digitalcommons.unl.edu/agronomyfacpub/811
Authors
Christopher J. Smallwood, Catherine N. Nyinyi, Dean A. Kopsell, Carl E. Sams, Dennis R. West, Pengyin
Chen, Stella K. Kantartzi, P. B. Cregan, D. L. Hyten, and Vincent R. Pantalone
This article is available at DigitalCommons@University of Nebraska - Lincoln: https://digitalcommons.unl.edu/agronomyfacpub/
811
crop science, vol. 54, march–april 2014 www.crops.org 595
ReseaRch
The soybean [Glycine max (L.) Merr.] isoflavones of genis-tein, daidzein, and glycitein have gained considerable inter-
est in recent years because of their potential benefits to human 
health. Soybean isoflavones are structurally similar to the hor-
mone estrogen (Setchell, 1998) and can exist as aglycones, gluco-
sides, or glucoside derivatives, including 6”-0-malonyl-esters and 
6”-0-acetyl-esters (Wilson, 2004). After synthesis via the phen-
ylpropanoid pathway (Bennett et al., 2004), isoflavones exist pre-
dominantly in the malonylglucoside form (Charron et al., 2005) 
and, on ingestion, are converted into aglycones (Brouns, 2002).
Health benefits associated with soybean isoflavones have been 
reported, including cancer prevention (Birt et. al., 2001), reduced 
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ABSTRACT
Interest in soybean [Glycine max (L.) Merr.] iso-
flavones has increased in recent years owing 
to numerous reported health benefits. Conse-
quently, quantitative trait loci (QTL) detection 
for marker-assisted breeding for isoflavones is 
being examined for genetic gains. This study 
sought to detect QTL for soybean isoflavones 
in a population of 274 recombinant inbred lines 
derived from a cross between ‘Essex’ and ‘Wil-
liams 82’ that were subdivided and tested by 
maturity (early, mid, and late). The field tests 
were conducted in three environments in 2009 
(Knoxville, TN; Harrisburg, IL; and Stuttgart, 
Ar). The population was genotyped with 480 
polymorphic single nucleotide polymorphism 
markers. Isoflavones for each replicate were 
analyzed by near infrared reflectance spectros-
copy, whose prediction equation was based on 
high performance liquid chromatography. Each 
maturity test, containing 91 or 92 recombinant 
inbred lines, was analyzed separately for QTL. 
In total, 21 QTL were detected: 7 for genistein 
(chromosomes 5, 6, 9, 13, 17, and 19), 5 for daid-
zein (chromosomes 5, 6, 9, 13, and 19), 3 for 
glycitein (chromosomes 6, 9, and 20), and 6 for 
total isoflavone content (chromosomes 5, 6, 9, 
13, and 19). of these 21 QTL, 12 were confirmed 
or positional confirmations from other studies. 
Utilization of these QTL could potentially lead 
to marker-assisted selection approaches for 
genetic gains in improving soybean isoflavones.
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risk for coronary heart disease (Sagara et al., 2003), reduced 
problems with diabetes and obesity (Bhathena and Velas-
quez, 2002), improved bone and cardiovascular health, and 
decreased menopausal symptoms (Brouns, 2002). Soybean 
isoflavones are also positively correlated with other impor-
tant traits. Among the traits positively associated with 
isoflavones are yield (Primomo et al., 2005; Morrison et 
al., 2008) and aphid resistance (Meng et al., 2011). Lino-
lenic acid, an undesirable fatty acid found in soybean oil, 
is negatively associated with isoflavone content (Wilson, 
2004), suggesting that reduced linolenic acid genotypes 
would have the added benefit of increased isoflavone levels. 
The soybean plant also benefits in several areas from iso-
flavones, including stimulation of soil microbe rhizobia in 
root nodule formation for nitrogen fixation and antifungal 
and antipathogenic activity (Ogbuewu et al., 2010).
Improving soybean isoflavone content can be difficult 
because of its quantitative inheritance nature (Meksem et 
al., 2001; Kassem et al., 2004; Kassem et al., 2006; Pri-
momo et al., 2005; Zeng et al., 2009). Heritability esti-
mates for soybean isoflavones are inconsistent, ranging 
from moderate (Primomo et al., 2005; Zeng et al., 2009) 
to high (Gutierrez-Gonzalez et al., 2009). Gaining a bet-
ter understanding of the genomic regions that control iso-
flavone content would be beneficial for making genetic 
improvements. Several studies have sought to identify 
quantitative trait loci (QTL), which control isoflavone 
content. Meksem et al. (2001) identified seven QTL for 
genistein, daidzein, and glycitein on five chromosomes 
in a population of 100 recombinant inbred lines (RIL) 
derived from the cross between ‘Essex’ and ‘Forrest’. Fol-
lowing up on that study, Kassem et al. (2004) used an 
increased number of molecular markers to screen the same 
population of 100 RIL and confirmed 6 of the previous 
QTL, while detecting 2 new QTL. Kassem et al. (2006) 
revisited the Essex × Forrest population using the com-
posite interval mapping (CIM) technique and only con-
firmed two QTL from the previous mapping study, while 
detecting 14 new QTL. Primomo et al. (2005) detected 
17 QTL for genistein, daidzein, glycitein, and total iso-
flavones on nine chromosomes. Of particular interest 
were five QTL located on nearby genetic regions to those 
previously detected by Kassem et al. (2004), who used a 
different population grown in different environments. In 
a similar study, Zeng et al. (2009) detected 11 QTL for 
genistein, daidzein, glycitein, and total isoflavones on nine 
chromosomes. That population of 136 RIL, derived from 
the Chinese cultivars Zhongdou 27 (high isoflavone par-
ent) and Jiunong 20 (low isoflavone parent), was grown in 
seven different environments in China. A similar analysis 
of a cross between ‘AC756’ (low isoflavone parent) and 
‘RCAT Angora’ (high isoflavone parent) grown at two 
locations in Ontario, Canada, detected QTL for genis-
tein, glycitein, and total isoflavones in a similar region on 
chromosome 7 (Primomo et al., 2005). Additional QTL 
have been detected by Gutierrez-Gonzalez et al. (2009, 
2010b, 2011), who examined major and minor QTL for 
soybean isoflavones as well as epistatic interactions.
Further challenges for soybean isoflavone improvement 
include the significant impact of environment on seed isofla-
vone content (Eldridge and Kwolek, 1983; Gutierrez-Gon-
zalez et al., 2009; Murphy et al., 2009). Environmental fac-
tors influencing isoflavone content include temperature and 
moisture (Lozovaya et al., 2005) as well as soil type (Barion 
et al., 2010). These challenges reinforce the need to select 
QTL that are stable across multiple target environments 
(Bernardo, 2008). Additionally, increasing the efficiency of 
phenotypic analysis is an important consideration for breed-
ers interested in making selections among a large number of 
progeny of a population. Another important consideration 
for soybean isoflavones is QTL detection based on maturity, 
as genistein, daidzein, and total isoflavones are positively 
correlated with maturity (Primomo et al., 2005). Once 
detected, QTL may be used for marker-assisted selection 
(MAS), especially when confirmed from previous studies. 
There are several advantages in using MAS as a selection 
method for some traits where that technology is effective, 
including increased reliability, improved use of time, and 
reduced cost in comparison with conventional methods such 
as selecting on the basis of phenotype (Torres et al., 2010).
To clarify phrasing, confirmed QTL and positional 
confirmation of QTL will be defined as used in this paper. 
A QTL is considered confirmed following the standards 
of the soybean genetics committee (SoyBase and the Soy-
bean Breeder’s Toolbox, 2007). Briefly, a confirmed QTL 
must occur in a population resulting from an original set 
of meiotic events consisting of one or both parents from 
the original study, in which the experiment-wise error 
rate is 0.01 or less. A positional confirmation of QTL in 
this paper will be considered following the same standards 
as the confirmed QTL, except that for a positional con-
firmation of QTL, both parents will be different than the 
parents from the original detection study.
The objectives of the current research were to: (i) 
identify soybean isoflavone QTL stable over multiple envi-
ronments, based on maturity; (ii) confirm or positionally 
confirm isoflavone QTL from previous studies using the 
near-infrared reflectance spectroscopy (NIRS) measure-
ment technique; and (iii) examine for phenotypic correla-
tions between isoflavones and other important agronomic 
and seed quality traits for soybean.
MATERIAl ANd METHOdS
Plant Materials
A population of 274 RIL was developed from the cross between 
Essex and ‘Williams 82’. Essex is a maturity group V soybean 
cultivar with a determinate growth habit, purple flower, and gray 
pubescence (Smith and Camper, 1973), while Williams 82 is a 
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glycitein in milligrams per gram seed weight on a dry weight 
basis. Values for total isoflavones were obtained by summing 
genistein, daidzein, and glycitein. Values for protein and oil 
concentration were obtained on a 13% moisture basis and con-
verted to grams per kilogram on a dry weight basis.
dNA Extraction and Molecular Analysis
Samples of DNA were collected from crushed leaves of RIL 
and parents using the Qiagen Plant DNeasy Extraction Kit 
(Qiagen). The RIL and parents were screened at USDA-ARS, 
Beltsville, MD, with 1536 single nucleotide polymorphism 
(SNP) markers from the Universal Soybean Linkage Panel 
(U.S.L.P. 1.0) (Hyten et al., 2010). The SNP markers were 
screened using the GoldenGate assay, which was performed as 
described by Fan et al. (2003) and Hyten et al. (2008). Polymor-
phisms were detected in 480 of the SNP markers.
data Analysis
The data combined over replications and locations for genis-
tein, daidzein, glycitein, and total isoflavones for each maturity 
test individually were tested for differences among RIL using 
the MIXED procedure in SAS 9.2 (SAS Institute, 2008). Ran-
dom blocking factors in the model included environment (E), 
genotype (G), G × E, and replication. A similar model was fit-
ted replacing the genotype term with a stem termination (ST) 
term with the exception of the ST × E term, as there was no 
difference in ST between locations. This model was fitted to test 
for isoflavone differences between indeterminate and determi-
nate RIL. The CORR procedure was used to obtain phenotypic 
correlations between genistein, daidzein, glycitein, total isofla-
vones, and other important agronomic and seed quality traits for 
soybean, including maturity, lodging, height, yield, protein, oil, 
palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic 
acid. Heritability estimates for genistein, daidzein, glycitein, and 
total isoflavones were calculated on an entry means basis for three 
replications and three locations according to Nyquist (1991). 
Variance components were determined with MIXED in SAS 9.2 
(SAS Institute Inc.) using REML estimation.
A genetic map was estimated from this population using R/
QTL package (Broman et al., 2003) in the R language and envi-
ronment for statistical computing (R Development Core Team, 
2009). This map, along with the least squares means (LSMEAN) 
combined over locations for genistein, daidzein, glycitein, and total 
isoflavones was used for QTL identification with QTL Cartogra-
pher software v. 2.5 (Wang et al., 2011) with the CIM procedure. 
Analyses were conducted with the standard model Zmapqtl 6 in 
the CIM procedure with a 10 cM window and a 1 cM walk speed. 
Since this was an F5 –derived population, heterozygote marker loci 
were excluded from analyses as we were primarily interested in 
additive genetic effects. The empirical logarithm of odds (LOD) 
threshold was determined at the 5% level of probability with 1000 
permutations for each trait in each maturity test (Churchill and 
Doerge, 1994). Any QTL whose LOD score exceeded the empiri-
cal LOD threshold was considered significant. For QTL that are 
confirmed or positional confirmations from previous studies, an 
additional LOD threshold was determined at the 1% level of prob-
ability using the same 1000 permutations (Churchill and Doerge, 
1994). The LOD thresholds at the 5 and 1% probability levels for 
maturity group III soybean cultivar with indeterminate growth 
habit, white flower, and tawny pubescence (Bernard and Cre-
meens, 1988). The seed of Essex and Williams 82 were obtained 
from the USDA soybean germplasm collection (www.ars-grin.
gov, accessed 27 Dec. 2013), and a random single plant of each 
parental line was intentionally selfed for two generations to pro-
vide highly homozygous parental lines to be crossed for RIL 
development. The initial cross was made in the summer of 2005 
at the East Tennessee Research and Education Center (ETREC) 
in Knoxville, TN. The hybrid seed resulting from the cross were 
harvested in the fall of 2005 and grown as F1 single plants in 
Puerto Rico at the Tropical Agricultural Research Station in 
Isabela, Puerto Rico, in the winter of 2005–2006. Following 
the single seed descent method (Brim, 1966), the population was 
advanced from the F2 to the F5 generation. Plant rows from the 
F5:6 generation were grown at ETREC in the summer of 2008 
in 3.1-m rows for agronomic data collection and leaf collection 
for DNA extraction. Each of the 274 F5:7 lines was increased in 
the winter of 2008–2009. In the summer of 2009 the 274 F5:8 
RIL were grown in replicated yield trials. The 274 RIL were 
divided into three different tests (early, mid, and late) on the basis 
of maturity (10 d) from the 2008 ETREC plant row data, with 
each test containing 91 or 92 RIL. Both parents, along with four 
other check cultivars or lines, were included in each test. The 
check lines for the early test (‘IA4004’, ‘LD00-2817P’, ‘LD00-
3309’, and ‘Macon’), mid test (TN05-4008, TN06-189, TN06-
196, and ‘5002T’), and late test (‘JTN-5203’, ‘Osage’, 5002T, and 
‘5601T’) were selected to correspond with the appropriate matu-
rity group for their respective test. The 2009 field trials were 
grown using a randomized complete block design with three 
replications and grown in three locations (Knoxville, TN; Har-
risburg, IL; and Stuttgart, AR). Each entry was planted in a plot 
consisting of two adjacent rows 6.1-m in length, with the rows 
spaced 0.8-m apart.
Gas Chromatography
Measurements for palmitic acid, stearic acid, oleic acid, linoleic 
acid, and linolenic acid were done for each replicate and location 
of the 2009 field tests using gas chromatography with a proce-
dure described by Spencer et al. (2004), using a Hewlett-Packard 
HP 6890 series gas chromatograph (Agilent Technologies) system 
equipped with a 7683 auto sampler, a 7673 flame ionization detec-
tor, an immobilized 30 m × 0.53 mm inner diameter, and an Agi-
lent DB-23 capillary column with 0.5-µm fused stationary phase.
Near Infrared Reflectance Spectroscopy
Following harvest from each location of the 2009 growing sea-
son, approximately 25 g of seed from each plot were ground 
for 20 sec in a Knifetec 1095 Sample Mill (FOSS Tecator) to 
produce ground whole soybean with a uniform consistency and 
particle size. Samples were analyzed using the NIRS instrument 
(NIR 6500, FOSS North America) as described by Panthee et 
al. (2006), except that for this study the ground samples were 
scanned using updated ISIscan software v. 2.85. The equation 
used for NIRS prediction of genistein, daidzein, and glycit-
ein was derived from high performance liquid chromatography 
(HPLC) analysis using 497, 499, and 492 samples with R2 val-
ues of 0.85, 0.85, and 0.65, respectively. This produced sample 
estimates for the soybean isoflavones genistein, daidzein, and 
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each maturity test are listed for genistein (Table 1), daidzein (Table 
2), glycitein (Table 3), and total isoflavones (Table 4).
RESulTS ANd dISCuSSION
Phenotypic Traits
There were significant differences among RIL, locations, 
reps, and location × RIL interactions for genistein, daid-
zein, glycitein, and total isoflavones in the early, mid, and 
late tests (P < 0.001). In each test, Essex had a numerically 
higher value for genistein, daidzein, and total isoflavones, 
whereas Williams 82 had a higher value for glycitein (Table 
5). For each isoflavone in the early test and mid test, and 
for glycitein in the late test, transgressive segregation was 
observed, in which a large number of individual RIL values 
were higher or lower than either parent. This suggests that 
both parents carry alleles governing isoflavones heritable 
in progeny. In every test, daidzein was the most abundant 
isoflavone, followed by genistein and glycitein, which rep-
resents a rank order for isoflavones similar to some previous 
studies (Kassem et al., 2006; Zeng et al., 2009). This differs 
Table 1. Quantitative trait loci (QTL) associated with the isoflavone genistein in three ‘Essex’ × ‘Williams 82’ subpopulations 
separated by maturity consisting of 91 or 92 recombinant inbred lines grown over three environments (Knoxville, TN; Harris-
burg, IL; and Stuttgart, AR) in 2009. The chromosome (Chr) and cM position for the QTL listed are from the linkage map created 
for this population. The closest single nucleotide polymorphism (SNP) marker to the QTL peak, logarithm of odds (LOD) score, 
LOD-1 interval, R2 value, and additive effect are given for each QTL. The name and consensus 4.0 map position for the closest 
SNP marker to each QTL peak is also provided. The consensus map 4.0 positions of each BARC single nucleotide polymor-
phism marker are available at www.soybase.org/. GEN1-chr6 to GEN7-chr9 represent seven QTL for the isoflavone genistein.
Test Chr QTL
QTL 
position 
LOD 
threshold 
LOD 
threshold 
LOD 
score
LOD-1 
interval Closest marker
Consensus 
map 4.0 
marker 
position R2 Effect†
cM 1% 5% cM
early 6 Gen1-chr6‡ 209.4 4.2 3.3 7.9 208.0–214.0 BARc-023517-05442 103.3 0.16 0.055
9 Gen2-chr9 95.1 10.5 86.1–103.0 BARc-038909-07393 69.3 0.23 0.058
13b Gen3-chr13b 32.4 6.0 26.6–40.3 BARc-030359-06859 65.1 0.14 -0.046
Mid 5 Gen4-chr5 186.3 3.7 3.2 4.0 182.8–189.9 BARc-042853-08438 49.5 0.13 0.034
17 Gen5-chr17 21.6 3.2 21.0–34.2 BARc-030909-06973 22.4 0.10 -0.029
19 Gen6-chr19§ 137.2 7.6 132.1–148.8 BARc-035235-07156 74.8 0.22 0.044
Late 6 Gen1-chr6‡ 205.9 3.6 2.9 3.1 203.9–212.9 BARc-066175-19800 100.9 0.09 0.061
9 Gen7-chr9 48.3 3.3 48.1–52.1 BARc-048623-10678 39.9 0.09 0.027
19 Gen6-chr19§ 138.8 3.3 137.3–140.9 BARc-016145-02292 75.6 0.09 0.029
†The additive effect with respect to the essex allele expressed in milligrams genistein per gram of seed on a dry weight basis.
‡closely associated with e1 locus.
§closely associated with Dt1 locus.
Table 2. Quantitative trait loci (QTL) associated with the isoflavone daidzein in three ‘Essex’ × ‘Williams 82’ subpopulations 
separated by maturity consisting of 91 or 92 recombinant inbred lines grown over three environments (Knoxville, TN; Harrisburg, 
IL; and Stuttgart, AR) in 2009. The chromosome (Chr) and cM position for the QTL listed are from the linkage map created for 
this population. The closest single nucleotide polymorphism (SNP) marker to the QTL peak, logarithm of odds (LOD) score, 
LOD-1 interval, R2 value, and additive effect are given for each QTL. The name and consensus 4.0 map position for the closest 
SNP marker to each QTL peak is also provided. The consensus map 4.0 positions of each BARC SNP marker are available at 
www.soybase.org/. DAI1-chr6 to DAI5-chr5 represent five QTL for the isoflavone daidzein.
Test Chr QTL
QTL 
position 
LOD 
threshold 
LOD 
threshold 
LOD 
score
LOD-1 
interval Closest marker
Consensus 
map 4.0 
marker 
position R2 Effect†
cM 1% 5% cM
early 6 DAi1-chr6‡ 209.4 4.1 3.3 5.8 208.0–214.1 BARc-023517-05442 103.3 0.13 0.033
9 DAi2-chr9 93.4 7.1 84.4–99.6 BARc-038909-07393 69.3 0.16 0.032
13b DAi3-chr13b 28.7 4.3 24.1–38.8 BARc-030359-06859 65.1 0.11 -0.026
19 DAi4-chr19§ 141.1 4.8 126.5–141.9 BARc-024345-04854 76.5 0.10 0.029
Mid 5 DAi5-chr5 184.2 4.0 3.3 4.8 181.6–188.5 BARc-042853-08438 49.5 0.16 0.023
19 DAi4-chr19§ 144.5 8.0 135.6–149.5 BARc-026069-05243 76.8 0.30 0.032
Late 9 DAi2-chr9 98.0 4.0 3.0 4.1 82.9–120.5 BARc-038909-07393 69.3 0.13 0.019
19 DAi4-chr19§ 138.8 6.3 129.6–148.6 BARc-016145-02292 75.6 0.18 0.024
†The additive effect with respect to the essex allele expressed in milligrams daidzein per gram of seed on a dry weight basis.
‡closely associated with e1 locus.
§closely associated with Dt1 locus.
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differences in heritability estimates among the maturity 
tests illustrate that while much of the variation may be 
genetic, as evidenced by the higher heritability estimates 
in the early and the mid tests (Table 5), a large degree of 
variation is still affected by external environmental factors, 
as notable in the late test (Table 5). A possible explanation 
for the differences in heritability between maturity tests 
could be length of exposure to environmental conditions. 
As each test was harvested at maturity, the early test was 
removed from the fields first and, therefore, received less 
interaction with environmental factors affecting seed iso-
flavone accumulation than the mid and late tests. Similarly, 
the late test had more time to interact with environmen-
tal factors such as moisture and temperature fluctuation, 
which may have caused greater environmental variability, 
resulting in lower heritability for each trait.
from many previous studies, in which genistein is the most 
abundant isoflavone (Eldridge and Kwolek, 1983; Wang 
and Murphy, 1994; Brouns, 2002; Primomo et al., 2005; 
Gutierrez-Gonzalez et al., 2009, 2010b, 2011). Heritabil-
ity estimates were highest for the early test, with values of 
0.81, 0.81, 0.54, and 0.81 for genistein, daidzein, glycitein, 
and total isoflavones, respectively (Table 5), which were 
similar to the values obtained by Gutierrez-Gonzalez et al. 
(2009, 2010b, 2011). The mid test had similar but slightly 
lower heritability than the early test for genistein, daidzein, 
glycitein, and total isoflavones, with values of 0.68, 0.72, 
0.36, and 0.71, respectively (Table 5). The late test had 
heritability values of 0.46, 0.39, 0.48, and 0.43 for genis-
tein, daidzein, glycitein, and total isoflavones, respectively 
(Table 5), which were similar to the values obtained by 
Primomo et al. (2005) and Zeng et al. (2009). The large 
Table 3. Quantitative trait loci (QTL) associated with the isoflavone glycitein in three ‘Essex’ × ‘Williams 82’ subpopulations 
separated by maturity consisting of 91 or 92 recombinant inbred lines grown over three environments (Knoxville, TN; Harris-
burg, IL; and Stuttgart, AR) in 2009. The chromosome (Chr) and cM position for the QTL listed are from the linkage map created 
for this population. The closest single nucleotide polymorphism (SNP) marker to the QTL peak, logarithm of odds (LOD) score, 
LOD-1 interval, R2 value, and additive effect are given for each QTL. The name and consensus 4.0 map position for the closest 
SNP marker to each QTL peak is also provided. The consensus map 4.0 positions of each BARC SNP marker are available at 
www.soybase.org/. GLY1-chr6 to GLY3-chr20 represent three QTL for the isoflavone glycitein.
Test Chr QTL
QTL 
position 
LOD 
threshold 
LOD 
threshold 
LOD 
score
LOD-1 
interval Closest Marker
Consensus 
map 4.0 
marker 
position R2 Effect†
cM 1% 5% cM
early 6 GLY1-chr6‡ 200.0 3.9 3.3 4.2 187.9–206.4 BARc-031337-07051 97.1 0.15 -0.003
Mid 9 GLY2-chr9 77.6 4.0 3.1 4.6 65.3–94.5 BARc-014813-01678 47.4 0.20 0.002
20 GLY3-chr20 105.0 3.5 90.0–113.5 BARc-053725-11957 70.9 0.17 -0.002
Late nOne 3.9 3.2
†The additive effect with respect to the essex allele expressed in milligrams glycitein per gram of seed on a dry weight basis.
‡closely associated with e1 locus.
Table 4. Quantitative trait loci (QTL) associated with total isoflavones in three ‘Essex’ × ‘Williams 82’ subpopulations separated 
by maturity consisting of 91 or 92 recombinant inbred lines grown over three environments (Knoxville, TN; Harrisburg, IL; and 
Stuttgart, AR) in 2009. The chromosome (Chr) and cM position for the QTL listed are from the linkage map created for this 
population. The closest single nucleotide polymorphism (SNP) marker to the QTL peak, logarithm of odds (LOD) score, LOD-1 
interval, R2 value, and additive effect are given for each QTL. The name and consensus 4.0 map position for the closest SNP 
marker to each QTL peak is also provided. The consensus map 4.0 positions of each BARC SNP marker are available at www.
soybase.org/. ISO1-chr6 to ISO6-chr5 represent six QTL for total isoflavones.
Test Chr QTL
QTL 
Position 
LOD 
Threshold 
LOD 
Threshold 
LOD 
score
LOD-1 
Interval Closest Marker
Consensus 
map 4.0 
marker 
position R2 Effect†
cM 1% 5% cM
early 6 iSO1-chr6‡ 209.4 4.0 3.3 6.4 208.2–213.6 BARc-023517-05442 103.3 0.13 0.085
9 iSO2-chr9 94.7 9.3 86.3–102.5 BARc-038909-07393 69.3 0.21 0.092
13b iSO3-chr13b 31.4 4.8 25.0–41.2 BARc-030359-06859 65.1 0.11 -0.068
19 iSO4-chr19§ 141.1 4.5 123.7–142.0 BARc-024345-04854 76.5 0.09 0.068
Mid 5 iSO5-chr5 187.2 3.9 3.3 4.3 182.6–191.7 BARc-059081-15595 55.2 0.09 0.045
19 iSO4-chr19§ 137.3 6.1 130.5–148.5 BARc-035235-07156 74.8 0.18 0.062
Late 5 iSO6-chr5 26.6 4.0 3.1 3.3 14.7–50.6 BARc-019415-03923 17.6 0.09 0.041
19 iSO4-chr19§ 138.8 3.9 130.1–148.4 BARc-016145-02292 75.6 0.11 0.049
†The additive effect with respect to the essex allele expressed in milligrams total isoflavones per gram of seed on a dry weight basis.
‡closely associated with e1 locus.
§closely associated with Dt1 locus.
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For each maturity test, there were significant differ-
ences (P < 0.05) between determinate and indeterminate 
RIL for genistein, daidzein, glycitein, and total isoflavone, 
with the exception of glycitein in the mid test. Numeri-
cally, the trends for stem termination were quite simi-
lar to those for the parental lines, with determinate RIL 
displaying a higher value in each maturity test for genis-
tein, daidzein, and total isoflavones (Table 5). This was in 
common with the determinate parent Essex displaying a 
higher value for these traits than the indeterminate parent 
Williams 82. Glycitein did not follow this trend as closely, 
as indeterminate RIL displayed a higher value in the early 
test and the mid test, while determinate RIL displayed a 
higher value in the late test (Table 5).
Phenotypic correlations were obtained using the 
LSMEAN for all 274 RIL from the population. Strong 
positive correlations (R = 0.95, P < 0.0001) were found 
between each of the soybean isoflavones with each other, 
with the exception of glycitein (Table 6). Genistein, daid-
zein, and total isoflavones displayed low to moderate posi-
tive correlations with maturity, yield, palmitic acid, linoleic 
acid, and linolenic acid (R = 0.24, P < 0.0001). Weak nega-
tive correlations were observed between genistein, daid-
zein, and total isoflavones with lodging and height (R = 
-0.17, P < 0.01), but moderate negative correlations were 
observed with protein, oil, stearic acid, and oleic acid (R 
= -0.37, P < 0.0001). The significant positive correlations 
with yield and significant negative correlations with seed oil 
for genistein, daidzein, and total isoflavones were consistent 
with the results from Primomo et al. (2005). Correlations 
between glycitein and other traits were either very weak (R 
< 0.30) or insignificant at the 5% level of probability, with 
Table 5. Descriptive statistics and heritability values for three subpopulations separated by maturity consisting of 91 or 92 
recombinant inbred lines derived from ‘Essex’ and ‘Williams 82’, grown over three environments (Knoxville, TN; Harrisburg, 
IL; and Stuttgart, AR) with three replications in 2009. Parental least squares means (LSMEAN) and determinate (Det) and 
indeterminate (Indet) stem termination LSMEAN also included.
Test Trait Min† Mean† Max† Std. Dev. Essex† Williams 82† Det† Indet† h2‡
early§ Genistein 0.44 0.69 0.96 0.12 0.77 0.74 0.81 0.65 0.81
Daidzein 0.62 0.8 0.96 0.08 0.86 0.84 0.88 0.77 0.81
Glycitein 0.15 0.17 0.19 0.01 0.16 0.18 0.17 0.17 0.54
Total isoflavones 1.21 1.66 2.05 0.2 1.8 1.75 1.85 1.59 0.81
Mid¶ Genistein 0.51 0.75 0.93 0.09 0.84 0.62 0.78 0.72 0.68
Daidzein 0.69 0.83 0.93 0.06 0.84 0.79 0.85 0.80 0.72
Glycitein 0.15 0.16 0.18 0.01 0.16 0.17 0.16 0.16 0.36
Total isoflavones 1.39 1.74 2.02 0.15 1.84 1.58 1.80 1.69 0.71
Late# Genistein 0.4 0.68 0.89 0.08 0.7 0.42 0.74 0.66 0.46
Daidzein 0.61 0.78 0.93 0.05 0.78 0.64 0.82 0.77 0.39
Glycitein 0.15 0.16 0.18 0.01 0.16 0.16 0.16 0.16 0.48
Total isoflavones 1.16 1.62 1.98 0.13 1.64 1.22 1.72 1.58 0.43
†LSMeAn value expressed in mg g-1 seed on a dry weight basis.
‡Heritability on an entry-mean basis.
§Least significant difference for mean separation of genistein, daidzein, glycitein, and total isoflavones in the early test were 0.150, 0.097, 0.016, and 0.243, respectively.
¶Least significant difference for mean separation of genistein, daidzein, glycitein, and total isoflavones in the mid test were 0.146, 0.089, 0.013, and 0.230, respectively.
#Least significant difference for mean separation of genistein, daidzein, glycitein, and total isoflavones in the late test were 0.170, 0.119, 0.013, and 0287, respectively.
Table 6. Phenotypic correlations between genistein, daidzein, glycitein, and total isoflavones with agronomic and seed quality 
traits of interest in soybean [Glycine max (L.) Merr.] from a population of 274 recombinant inbred lines derived from ‘Essex’ and 
‘Williams 82’, grown over three environments (Knoxville, TN; Harrisburg, IL; and Stuttgart, AR) with three replications in 2009.
 Daidzein Glycitein Total Maturity Lodging Height Yield Protein Oil
Palmitic 
Acid
Stearic 
Acid
Oleic 
Acid
Linoleic 
Acid
Linolenic 
Acid
Genistein 0.95 0.11 0.99 0.38 -0.17 -0.23 0.39 -0.74 -0.38 0.34 -0.42 -0.53 0.50 0.51
P value *** nS *** *** ** *** *** *** *** *** *** *** *** ***
Daidzein 0.21 0.98 0.24 -0.25 -0.34 0.28 -0.64 -0.38 0.40 -0.37 -0.59 0.56 0.50
P value *** *** *** *** *** *** *** *** *** *** *** *** ***
Glycitein 0.19 -0.50 -0.21 -0.22 -0.28 0.04 0.30 0.17 0.31 0.12 -0.16 -0.18
P value ** *** *** *** *** nS *** ** *** * ** **
Total 0.30 -0.21 -0.28 0.34 -0.70 -0.37 0.37 -0.39 -0.55 0.52 0.50
P value *** *** *** *** *** *** *** *** *** *** ***
*Significant at 0.05 probability level.
**Significant at 0.01 probability level.
***Significant at 0.001 probability level.
nS, not significant at 0.05 probability level.
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the exception of maturity, which was moderately negatively 
correlated (R  =  -0.50, P < 0.0001), and oil, which was 
weakly positively correlated (R = 0.30, P < 0.0001).
The correlations between genistein, daidzein, and 
total isoflavones with other important agronomic and 
seed quality traits were largely undesirable, with the 
exception of the positive correlation with yield and the 
negative correlation with lodging and stearic acid. For 
soybean, reduced seed protein content, oil content, and 
oleic acid content are undesirable, while earlier maturity 
and reduced palmitic acid and linolenic acid are often 
targeted goals of improvement. Researchers working to 
improve these significant quality traits may inadvertently 
decrease seed isoflavone content to obtain strategic objec-
tives. Future studies should continue research to better 
understand the relationships among soybean isoflavones 
and other important agronomic and seed quality traits as 
breeders strive to optimize improvements.
Genetic Mapping and QTl detection
The 480 polymorphic SNP markers used to create a genetic 
map for this population spanned 21 linkage groups (Figs. 
S1, S2, S3, and S4). The map covered a total distance of 
3035.4 cM, with an average distance of 6.32 cM between 
markers. While the overall map distance was greater than 
the Consensus Map 4.0 (Hyten et al., 2010), the SNP 
order and linkage group assignments were similar. The 
exceptions to this similarity were that for this study, chro-
mosome 13 was split into two linkage groups (designated 
13a and 13b), and one marker, BARC-015435-01966, was 
mapped to chromosome 13 rather than chromosome 6.
In total, seven QTL for genistein (Table 1) (Figs. S5, 
S6, and S7), five QTL for daidzein (Table 2) (Figs. S8, S9, 
and S10), three QTL for glycitein (Table 3) (Figs. S11 and 
S12), and six QTL for total isoflavones (Table 4) (Figs. S13, 
S14, and S15) were detected. The QTL detected in this 
study could have been affected by the E1 maturity locus 
(chromosome 6) and the Dt1 growth habit locus (chro-
mosome 19), both of which segregated in this population. 
Also, the E3 maturity locus on chromosome 19 may have 
caused an effect on the QTL detected in this population, 
as it is closely linked with the Dt1 growth habit locus 
(Watanabe et al., 2009). However, previous studies have 
reported QTL for genistein, glycitein, daidzein, and total 
isoflavones on chromosome 6 (Primomo et al., 2005; Zeng 
et al., 2009; Gutierrez-Gonzalez et al., 2011) and chromo-
some 19 (Gutierrez-Gonzalez et al., 2009, 2010b) in nearby 
genetic regions to the E1 locus and the Dt1 locus, respec-
tively. Furthermore, soybean isoflavones can be associated 
with maturity and plant height (Primomo et al., 2005). 
With these considerations, the QTL detected for genistein, 
daidzein, glycitein, and total isoflavones on chromosomes 
6 and 19 will be considered as actual effects for isoflavones 
in this study. Yet it should be noted that nearby E1 and Dt1 
genes on chromosomes 6 and 19, respectively, have a major 
effect on soybean growth and development. As previously 
noted, the stem termination values for genistein, daidzein, 
and total isoflavones followed the same trends as the paren-
tal values, with determinate RIL exceeding indeterminate 
RIL and Essex (determinate parent) exceeding Williams 
82 (indeterminate parent) (Table 5). Isoflavone QTL on 
chromosomes 6 and 19 may be pleiotropic effects of the E1 
and Dt1 loci, respectively.
The QTL for genistein, designated GEN1-chr6 
through GEN7-chr9, were located on chromosomes 5, 
6, 9, 13b, 17, and 19 (Table 1) (Figs. S5, S6, and S7). In 
general, QTL detected on the same chromosome in dif-
ferent maturity tests were considered to be the same if the 
additive effect was in the same direction and they were 
located within 10 cM of each other, corresponding to 
the window size for QTL detection. However, the QTL 
detected on chromosome 9 in the early test was consid-
ered to be different from the QTL on chromosome 9 in 
the late test because the distance between them exceeded 
40 cM (Figs. S5 and S7). The R2 values for QTL detected 
for genistein in this study ranged from 0.09 to 0.23 (Table 
1), representing large genetic effects. Four of the QTL 
detected for genistein, located on chromosomes 5, 9, and 
17, have not been previously reported. Of these, the QTL 
GEN2-chr9 on chromosome 9 detected in the early test 
had the largest R2 value (0.23), which represents a puta-
tive new major QTL for genistein that could be useful for 
MAS. Examination of the Consensus Map 4.0 (Hyten et 
al., 2010) revealed that the QTL for genistein on chro-
mosomes 6 (GEN1-chr6) (Primomo et al., 2005; Zeng 
et al., 2009; Gutierrez-Gonzalez et al., 2011), 13 (GEN3-
chr13b) (Zeng et al., 2009; Gutierrez-Gonzalez et al., 
2009, 2010b), and 19 (GEN6-chr19) (Gutierrez-Gonzalez 
et al., 2009, 2010b) have been reported previously and are 
supported by our findings. The studies conducted by Pri-
momo et al. (2005) and Zeng et al. (2009) were conducted 
in extremely different environments using different par-
ents than the current study. Thus, finding the same QTL 
under rather different conditions represents a positional 
confirmation. The studies by Gutierrez-Gonzalez et al. 
(2009, 2010b) as well as this study used Essex as a parent in 
population development, representing the confirmation of 
QTL from genetically similar populations grown in dif-
ferent sets of environments. However, in this study, Essex 
was the high isoflavone parent, whereas in Gutierrez-
Gonzalez et al. (2009, 2010b), Essex was the low isofla-
vone parent. In Gutierrez-Gonzalez et al. (2009, 2010b), 
the presence of the Essex allele resulted in a decrease from 
the population mean for the genistein QTL on chromo-
some 13 and an increase over the population mean for 
the QTL on chromosome 19. The same effects for the 
Essex alleles were observed in this study for the genistein 
QTL detected on chromosomes 13b and 19, for which 
602 www.crops.org crop science, vol. 54, march–april 2014
we suggest the confirmed QTL symbols cqGenistein-001 
and cqGenistein-002, respectively. This consistency in 
the effect of the Essex allele for the QTL on chromo-
somes 13 and 19 across studies could have implications 
for MAS. The reoccurrence of these QTL in different 
environments, but with a common parent, demonstrates a 
consistency that is important when considering heritable 
QTL for MAS.
On the basis of our results for a fully additive genetic 
model, MAS assembling QTL in the allelic form for 
higher genistein within each maturity test could poten-
tially increase that isoflavone by 19, 9, and 7% above the 
mean value in the early, mid, and late tests, respectively. 
This would provide a targeted prediction of 0.82 mg 
g-1 and 0.73 mg g-1 genistein for the early and late tests, 
respectively, both of which exceed the values of the high 
parent (Essex) in their tests. The predicted value for MAS 
in the mid test at 0.82 mg g-1 was similar to the value 
for Essex (0.84 mg g-1). For the early, mid, and late tests, 
the predicted improvement by MAS of genistein is below 
the maximum value, which indicates that further genetic 
variation for genistein could exist in this population that 
was not accounted for by the detected QTL.
The QTL detected for daidzein, designated as DAI1-
chr6 through DAI5-chr5 in this study, were located on 
chromosomes 5, 6, 9, 13, and 19 (Table 2) (Figs. S8, S9, 
and S10). As with genistein, QTL detected on the same 
chromosome in different maturity tests were considered 
to be the same if the additive effect was in the same direc-
tion and they were located within 10 cM of each other. 
All the QTL detected for daidzein were major, with R2 
values ranging from 0.10 to 0.30. Both the smallest (0.10) 
and the largest (0.30) R2 values detected for daidzein 
were for the same QTL, DAI4-chr19, detected in dif-
ferent maturity tests. This difference could represent the 
effect of maturity on the expression of daidzein. There 
were four QTL detected for daidzein in the early test, of 
which DAI4-chr19 had the lowest R2 value (0.10), and 
two QTL detected for daidzein in the mid test, of which 
DAI4-chr19 had the highest R2 value (0.30). Of the QTL 
detected for daidzein, only the one located on chromo-
some 5 had not been previously reported. Examination 
of the Consensus Map 4.0 (Hyten et al., 2010) revealed 
that QTL in similar genetic regions to those detected in 
this study on chromosomes 6 (Gutierrez-Gonzalez et al., 
2011), 9 (Kassem et al., 2004), 13 (Primomo et al., 2005; 
Zeng et al., 2009), and 19 (Gutierrez-Gonzalez et al., 
2009) had all been identified by previous research efforts 
and are positional confirmations in this study. Moreover, 
Gutierrez-Gonzalez et al. (2009) and Kassem et al. (2004) 
also used Essex as a parent in population development. 
As in this study, the Essex allele for the QTL detected on 
chromosomes 9 (Kassem et al., 2004) and 19 (Gutierrez-
Gonzalez et al., 2009) contributed to an increase over the 
population mean value. We propose the confirmed QTL 
symbols cqDaidzein-001 and cqDaidzein-002 for these 
QTL on chromosomes 9 and 19, respectively. The confir-
mation of these QTL from previous studies, in particular 
those in which Essex was used as a common parent, are 
promising when considering MAS for daidzein, which is 
quite susceptible to environmental variation.
Using our results for a fully additive genetic model, an 
improvement of 13, 4, and 2% for daidzein over the mean 
value in the early, mid, and late tests, respectively, could 
be expected if MAS for daidzein QTL were employed. 
This would provide predicted values of 0.90, 0.87, and 
0.80 mg g-1 daidzein in the early, mid, and late tests, 
respectively; each is greater than the high parent (Essex) 
value but less than the maximum value for daidzein in 
their respective tests, suggesting that further genetic vari-
ation for daidzein exists in this population that was not 
accounted for by the detected QTL.
The QTL detected for glycitein, designated as GLY1-
chr6 through GLY3-chr20, were located on chromosomes 
6, 9, and 20 (Table 3) (Figs. S11 and S12). The R2 values 
for glycitein QTL ranged from 0.15 to 0.20, indicative of 
major QTL. Fewer QTL were detected for glycitein than 
for any of the other isoflavones, with none being detected 
in the late maturity test. This may be the result of the 
lower heritability values and lower accuracy of the NIRS 
prediction equation (R2 = 0.65) for glycitein in relation 
to the other isoflavones. Examination of the Consensus 
Map 4.0 (Hyten et al., 2010) revealed that glycitein QTL 
in nearby genetic regions to those detected in this study 
on chromosome 6 (Gutierrez-Gonzalez et al., 2010b) and 
chromosome 9 (Gutierrez-Gonzalez et al., 2009) have 
been previously reported in studies containing Essex as 
a parent. Gutierrez-Gonzalez et al. (2010b) reported that 
the Essex allele for the glycitein QTL on chromosome 6 
caused a decrease from the population mean, which was 
consistent with the results from this study, so we pro-
pose the confirmed QTL symbol cqGlycitein-001 for 
this QTL. However, in contrast to this study, Gutierrez-
Gonzalez et al. (2009) found the Essex allele to cause a 
reduction in the population mean value for glycitein for 
the QTL on chromosome 9, thus representing a positional 
confirmation rather than a confirmation.
Using a fully additive genetic model to estimate MAS 
improvement for glycitein, an increase of 1% in both the 
early and the mid tests could be expected. These predicted 
improvements over the mean are still below the high par-
ent (Williams 82) values in each test. No potential for 
increase would be expected using MAS in the late test, as 
no glycitein QTL were detected. The use of MAS for gly-
citein in this population does not appear to be an effective 
method. Rather than seeking to improve glycitein content 
alone, it may be more useful to seek glycitein improve-
ment as a component of total isoflavone content.
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Since each of the isoflavones has beneficial effects for 
humans, the identification of QTL for total isoflavone con-
tent is perhaps the most important information to obtain 
for use in genetic improvement. Because the two major 
isoflavones, genistein and daidzein, are strongly corre-
lated with each other as well as total isoflavones (Table 
6), improvement of total isoflavones would result in the 
increase of genistein and daidzein. The QTL detected for 
total isoflavone content in this study, designated as ISO1-
chr6 through ISO6-chr5, were located on chromosomes 
5, 6, 9, 13, and 19 (Table 4) (Figs. S13, S14, and S15). As 
with genistein and daidzein, QTL detected on the same 
chromosome in different maturity tests were considered 
to be the same if the additive effect was in the same direc-
tion and they were located within 10 cM of each other. 
Like daidzein, which was the largest contributor for total 
isoflavones, four QTL for total isoflavones were detected 
in the early test, while only two QTL were detected in the 
mid and late tests. The heritability values were once again 
much lower in the late test (0.43) than in the early (0.81) or 
mid (0.71) tests. For the QTL detected for total isoflavone 
content, the R2 values ranged from 0.09 to 0.21. Both of 
the QTL on chromosome 5 and the QTL on chromosome 
9 have not been previously reported. Of these, the QTL 
on chromosome 9 is notable, as it explained the greatest 
variation in total isoflavone content. Examination of the 
Consensus Map 4.0 (Hyten et al., 2010) showed that total 
isoflavone QTL in nearby genetic regions to those detected 
in this study on chromosomes 6 (Primomo et al., 2005; 
Gutierrez-Gonzalez et al., 2011), 13 (Zeng et al., 2009), 
and 19 (Gutierrez-Gonzalez et al., 2009, 2010b) had been 
detected previously, representing a positional confirma-
tion. This study, as well as Gutierrez-Gonzalez et al. (2009, 
2010b), used Essex as a parent. For the QTL detected 
on chromosome 19 by Gutierrez-Gonzalez et al. (2009, 
2010b), the Essex allele contributed to an increase over the 
population mean, which was consistent with the results 
from this study. This QTL for total isoflavone content 
(ISO4-chr19) may be useful for MAS as it has been also 
reported in previous studies (Gutierrez-Gonzalez et al., 
2009, 2010b), it was detected in each maturity test in this 
study, and a similar QTL was detected in approximately 
the same genetic region for both genistein (GEN6-chr19) 
and daidzein (DAI4-chr19). We propose the confirmed 
QTL symbol of cqIsoflv-001 for this total isoflavone QTL.
A fully additive genetic model estimating the effects 
of MAS for total isoflavones in this population would pre-
dict values exceeding the mean by 15, 4, and 2%, in the 
early, mid, and late tests, respectively. These improvements 
would result in predicted values of 1.91, 1.82, and 1.66 mg 
g-1 for the early, mid, and late tests, respectively, which are 
greater than the mean value in every instance. These poten-
tial improvements using MAS are greater than the high 
parent (Essex) value in the early and late tests but less than 
Essex in the mid test. The early test had a higher heritability 
value for total isoflavone content and more QTL detected 
than either the mid or the late test, so it is consistent with 
expectation that the subset of RIL genotypes in the early 
test would exhibit the greatest potential for improvement 
through MAS. However, in each test, the maximum value 
for total isoflavone content exceeded the predicted MAS 
value. Greater genetic variation for total isoflavone content 
may exist in this population than was accounted for by the 
detected QTL. Moreover, some of the differences between 
the maximum value observed and the highest value pre-
dicted by MAS can be explained by the environmental fac-
tors that contribute to isoflavone variation.
Many of the QTL detected in this study for different 
isoflavones existed in nearby genetic regions. For exam-
ple, five of the QTL detected for genistein (GEN1-chr6, 
GEN2-chr9, GEN3-chr13b, GEN4-chr5, and GEN6-
chr19) were in nearby genetic regions to QTL detected for 
daidzein (DAI1-chr6, DAI2-chr9, DAI3-chr13b, DAI5-
chr5, and DAI4-chr19) and for total isoflavones (ISO1-
chr6, ISO2-chr9, ISO3-chr13b, ISO5-chr5, and ISO4-
chr19). As genistein and daidzein are the primary com-
ponents of total isoflavones in soybean, it seems evident 
that the QTL for genistein or daidzein would be the same 
as those detected for total isoflavones. For comparison of 
the QTL detected for genistein, daidzein, and glycitein, 
examination of the phenylpropanoid pathway from which 
they are synthesized helps to shed some light on the results 
(Fig. 1). Synthesis of each of the isoflavones have many 
steps in common, so QTL detected in nearby genetic 
regions for different isoflavones could possibly represent 
genes controlling enzyme expression for common steps in 
the phenylpropanoid pathway.
Identifying markers that are associated with specific 
enzymes in the phenylpropanoid pathway will be an 
important step in the genetic improvement of soybean 
isoflavones. Among the more influential enzymes to be 
targeted are phenylalanine ammonia lyase, which is the 
first committed step in the phenylpropanoid pathway, and 
isoflavone synthase, which is a key step in the biosynthesis 
of isoflavones (Du et al., 2010). Other important enzymes 
that would be expected to influence isoflavone concentra-
tion include cinnamate-4-hydroxylase, 4-coumarate CoA 
ligase, chalcone synthase, chalcone reductase, and chal-
cone isomerase (Fig. 1). The isoflavone synthase 1 gene 
and the isoflavone synthase 2 gene have been mapped to 
chromosomes 7 and 13, respectively (Cheng et al., 2010). 
While none of the QTL detected in this study were located 
on chromosome 7, there were QTL detected for genistein 
(Table 1), daidzein (Table 2), and total isoflavones (Table 
4) on chromosome 13, which could possibly be associated 
with the isoflavone synthase 2 gene.
A more in-depth look into the location of candidate 
genes in relation to SNP markers closely associated with 
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QTL detected in this study reveals some interesting insight. 
One QTL each for genistein (GEN4-chr5), daidzein 
(DAI5-chr5), and total isoflavones (ISO5-chr5) is located 
less than 1 mega base pair (Mbp) from a gene with possible 
influence on soybean isoflavones. Using the SNP marker 
genomic sequence position (SoyBase and the Soybean 
Breeder’s Toolbox, 2013) for the QTL for genistein (Table 
1), daidzein (Table 2), and total isoflavones (Table 4), it was 
determined that GEN4-chr5, DAI5-chr5, and ISO5-chr5 
all are located less than 0.7 Mbp from the chalcone synthase 
2 gene (National Center for Biotechnology Information, 
2013). This relative closeness in proximity could indicate 
that these QTL represent a genetic difference for the chal-
cone synthase 2 gene that partially explains the differences 
for genistein, daidzein, and total isoflavones in this popula-
tion. Additionally, comparison of the SNP marker genomic 
sequence position (SoyBase and the Soybean Breeder’s 
Toolbox, 2013) for GEN3-chr13b, DAI3-chr13b, and 
ISO3-chr13b for the QTL for genistein (Table 1), daidzein 
(Table 2), and total isoflavones (Table 4) revealed that these 
QTL are located less than 4.7 Mpb from the isoflavone syn-
thase 2 gene (National Center for Biotechnology Informa-
tion, 2013). While this represents a greater genetic distance 
than the QTL associated with the chalcone synthase 2 gene, 
these QTL could still be associated with the isoflavone syn-
thase 2 gene, which would help to explain the variation for 
these isoflavones in this population.
CONCluSION
Overall, 21 QTL for genistein, daidzein, glycitein, or total 
isoflavones were detected by this study, of which 12 have 
been previously identified. The QTL detected in this study 
are important for several reasons. Selections for another trait, 
such as yield, could be made while simultaneously select-
ing QTL for isoflavone improvement. However, increased 
isoflavone content may occur coincidentally when selecting 
for yield because of the positive correlation between these 
two traits. Perhaps more important would be using isofla-
vone QTL to make simultaneous selections with a nega-
tively correlated trait such as protein, so that improvements 
could be made, or at least losses could be minimized in both 
traits. Additionally, QTL could be used for selection at off-
site nurseries, making the breeding process more efficient.
The parents chosen for this study both have significance, 
as Essex has been used for several previous isoflavone detec-
tion studies (Meksem et al., 2001; Kassem et al., 2004; Kas-
sem et al., 2006; Gutierrez-Gonzalez et al., 2009, 2010b), and 
Williams 82 was the genotype that was sequenced to obtain 
the soybean whole genome sequence (Schmutz et al., 2010). 
In addition, Essex is a prominent ancestor of modern south-
ern U.S. cultivars, and ‘Williams’, from which Williams 82 
was derived, is a prominent ancestor of modern northern 
U.S. cultivars (Hyten et al., 2004). The detection of 12 pre-
viously reported QTL for genistein, daidzein, glycitein, and 
total isoflavones grown in different environments, using dif-
ferent as well as similar parents is noteworthy in identifying 
consistent genetic regions controlling isoflavone content. As 
environmental variation for isoflavones is a significant hur-
dle for making genetic improvements, the confirmation and 
positional confirmation of QTL in diverse environments is 
particularly useful for capturing genetic improvements. The 
importance of confirmation and positional confirmation for 
these 12 QTL is further illustrated in that most previous stud-
ies used HPLC analysis for isoflavone detection, while this 
study used the much faster and lower cost method of NIRS. 
The QTL detected by this study could be beneficial for MAS, 
resulting in the genetic improvement of soybean isoflavones.
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